Abstract: An appropriate combination of rice cultivar and cropping system that maximizes water use efficiency (WUE) may improve yield of rainfed lowland rice. In the paddy field, a large amount of water is consumed by evaporation during the early growth period, and it can be reduced by canopy coverage especially in semi-arid regions. Therefore, we evaluated the role of canopy coverage in WUE of rice in the early growth period in semi-arid region. A pot experiment was conducted in Namibia to investigate the genotypic and species difference in WUE, and another pot and a field experiment were conducted to investigate the effects of planting density on WUE. Although no significant difference was observed among species, the mean WUE was in the decreasing order of Oryza sativa, and Oryza glaberrima followed by the interspecific progenies including NERICA. In contrast, there was a significant difference in WUE at the genotypic level. Highly tillering genotypes such as WAB1159-2-12-11-5-1 and WITA 2 showed a high WUE. Furthermore, WUE was significantly correlated with the number of tillers (R 2 = 0.453), and higher planting density resulted in a higher WUE. In contrast, stomatal conductance had no significant correlation with WUE (R 2 = 0.081). Thus, the physical conditions affected by number of tillers and planting density had greater impacts on WUE than physiological characteristics such as stomatal conductance. The suppression of surface water evaporation by coverage was significant, probably contributing to WUE improvement. To increase WUE in semi-arid regions, we recommend the increase of canopy coverage and higher planting density.
Currently, more than 30% of the global rice cropping area is rainfed lowland (IRRI, 2010) and irrigation systems are often too expensive to implement (Becker and Johnson, 2001) . Many countries in semi-arid regions are actually facing economic limitations (Traore et al., 2010) . Furthermore, introduction of irrigation system has a risk to provoke salinity problem especially in semi-arid regions (Smedema and Shiati, 2002) . Therefore, much of the rice production in semi-arid regions is still based on natural rainfed conditions. Some areas called floodplains or inland valleys in semi-arid countries temporarily offer sufficient water for rice production by receiving flooded water from the surrounding areas (Andriesse and Fresco, 1991; Turner and Congalton, 1998) . Namibia does not own an irrigation system but has a high potential of rice production with minimum water availability (Awala et al., 2009 (Awala et al., , 2010 . The annual rainfall in Namibia is 50 − 600 mm (Bethune et al., 2005) but the seasonal wetlands formed during the rainy season due to flooded water from Angola, have high rice productivity. Some of the semi-arid regions also have a high potential for rice production because of a strong radiative environment (Löf et al., 1966) , which increases the yield of rice (Namba, 2003) . However, water is still limited in semi-arid regions, and thus it is important to develop water saving techniques that are adoptable for such semi-arid regions with minimum water resources but without an irrigation system.
Water use can be saved by reducing seepage and percolation (S&P), by suppressing surface water evaporation and by improving transpiration efficiency. Numerous studies have been conducted to reduce S&P (Sharma et al., 1995; Borrell et al., 1997; Roel et al., 1999; Bouman and Tuong, 2001; Pirmoradian et al., 2004; Mahrup et al., 2005; Kato et al., 2009; de Vries et al., 2010) , and these studies finally resulted in higher water use efficiency (WUE). Although S&P is a major component in water loss, we focused on the suppression of surface water evaporation to achieve a high WUE in this study because a large amount of water loss also occurs during the early growth period by surface water evaporation (Adachi et al., 1995; Cabangon et al., 2002) . Surface water evaporation can be suppressed by shortening active evaporative period, by rapidly expanding canopy coverage and by changing plant type. The direct seeding technique has been proposed to reduce water loss by shortening the land preparation period (Cabangon et al., 2002) , but this technique is not always applicable in rainfed paddy fields in semi-arid regions. The increase of canopy coverage may help suppress surface water evaporation in rainfed paddy fields. In wheat fields in Mediterranean climatic regions, the increase of canopy coverage suppressed the soil evaporation (van Herwaarden and Passioura, 2001; Passioura, 2006) . The same or even larger effects can be predicted for the rainfed paddy field in low latitudinal regions because evapotranspiration highly depends on available energy such as solar radiation (Khatun et al., 2011) . The increase of canopy coverage can be an effective method to improve WUE in rainfed paddy field in such regions. Passioura (2006) pointed out that early-sowing would be effective to reduce soil evaporation by enhancing canopy expansion before the evaporative demand became high in spring. Rapid canopy expansion was also achieved through fertilizer application in barley (Shepherd et al., 1987) or high sowing density in wheat (Anderson, 1992) resulting in substantial reduction of soil evaporation. However, there is little information on the effects of canopy coverage on surface water evaporation and WUE in paddy field. In Japan, the effects of leaf area index or planting density on WUE of rice have been discussed using a multilayer model (Oue, 2004) or field experiment (Hayashi et al., 2006) . There are few if any field studies conducted in semi-arid regions that take into account the role of canopy coverage in WUE of rice. Canopy coverage is changed by plant biomass, plant type, planting density and plant growth. Transplanting of large plants with a high planting density might improve WUE of rice by suppressing surface water evaporation. However, the increase of canopy coverage by larger plant biomass has a risk of losing more water by transpiration (Oue, 2004; Impa et al., 2005) or dehydration stress to rice plants. Therefore, a method of expanding canopy coverage such as control of planting density and selection of plant type needs to be developed to achieve high WUE.
In this study, we hypothesized that the increase of canopy coverage would reduce surface water evaporation and consequently improve WUE of rice in semi-arid regions. Therefore, we conducted pot and field experiments in Namibia to clarify the role of canopy coverage in WUE of rice. We evaluated the genotypic and species difference of WUE using 30 rice genotypes consisting of three cultivated species (Oryza sativa L., Oryza glaberrima Steud., interspecific progenies including NERICA) in pot experiment and compared the influential factors to WUE among species. We also investigated the effects of planting density on WUE in pot and field experiment since planting density substantially affected canopy coverage, and finally we discuss the role of canopy coverage in WUE of rice.
Materials and Methods

Pot experiments
Pot experiments were conducted in a greenhouse on Ogongo campus (latitude 17º40΄S, longitude 15º17΄E, altitude 1100 m a.s.l.), Omusati region, Namibia. The greenhouse had an air conditioning system to avoid high temperatures and had a solar radiation transmittance of 52.3%.
(1) Experiment 1; Genotypic and species difference of WUE Thirty rice genotypes (Table 1) were selected on the basis of the previous cultivar selection study conducted in Ogongo campus (Awala et al., 2009) , and consisted of Oryza sativa L., Oryza glaberrima Steud. and interspecific progenies including NERICA. The seeds soaked for 2 − 3 days were sown in a cell tray on 16 January 2009. Three plants were transplanted to each pot (3 L volume, 314 cm 2 surface area) 14 days after sowing (DAS) and were thinned to one plant pot -1 on 28 DAS. The above-ground biomass was then sampled on 42 DAS. The pots were filled with 2 kg of loamy sand soil from seasonal wetland (Table 2) mixed with synthetic fertilizer (N: P 2 O 5 : K 2 O = 0.20: 0.30: 0.20 g kg -1 soil). All the pots, 180 in total, were placed in a completely randomized block design replicated six times. All the pots were kept with standing water during the experimental period.
From 28 to 42 DAS, water use efficiency (WUE, g kg -1 ) defined as biomass increase per unit of evapotranspiration was gravimetrically calculated (Sumi et al., 1994; ZegadaLizarazu and Iijima, 2005) . The biomass increase in this study was estimated from the biomass difference between 28 and 42 DAS using thinned samples. The biomass samples were oven dried at 80ºC for 72 hours and the dry weights were measured. On 42 DAS, the number of tillers was also counted.
Stomatal conductance (mmol m -2 s -1
) of the top mostexpanded leaf was measured in the morning (0800 − 1000) of 36, 39 and 42 DAS by a porometer (Porometer -AP4, 
DELTA-T DEVICES, UK). The mean value of three measurements for each genotype was obtained. (2) Experiment 2; The effects of planting density on WUE
The pot was prepared and water management was done in the same way as in pot exp. 1 conducted during the previous cropping season. Pokkali was used because of its fast growing ability and its large biomass. The seeds were sown in cell trays on 24 March 2010. The planting density was 1, 2, 4 or 8 plants pot -1 (32, 64, 127, 255 plants m -2 ). WUE per pot was calculated from 22 to 35 DAS. (3) Experiment 3; The effect of coverage rate on surface water evaporation The experiment was conducted during the same period as in pot exp. 2. Polystyrene foam disks, 50, 70 and 85 mm in diameter were used in addition to bare pots (without polystyrene foam disk) to model different sizes of plant canopy without transpiration. The disk was placed at about 150 mm above the soil surface. Six replicates were prepared and evaporation was estimated gravimetrically for 14 days. The pots were kept with standing water during the experimental period. The coverage rate by disk, which was defined as the ratio of disk area to fixed area, was estimated by analyzing the pictures. A picture of the circled area was taken parallel to the ground at about 1 m above the pot. The picture was then analyzed with image analysis software LIA 32 (Available at http://www.agr.nagoya-u. ac.jp/~shinkan/LIA32/) to estimate the coverage rate.
Field experiment
The field experiment was conducted at the experimental field on Ogongo campus, Namibia from December 2010 to January 2011. Two fields (14 × 14 m for each) were plowed and leveled with a hand tractor (G1000 Boxer, Kubota, Japan) 5 days before transplanting. ) was broadcasted 4 days before transplanting. A microlysimeter (60 L) was buried at the center of each plot (3.5 × 7.5 m) the day before transplanting. The soil that was dug up was put into the microlysimeter to maintain the same soil condition as the surrounding area. The field and the inside of the microlysimeter were maintained with standing water during the experiment. The planting density was 11, 22, 44 and 89 plants m -2 with a distance between plants and rows of 30 × 30, 15 × 30, 15 × 15 and 7.5 × 15 cm, respectively, and were designated as LOW, MED, HIGH and EXCESS density, respectively. The plots were arranged in a split plot design replicated four times. The 18-day-old rice seedlings (CV. Pokkali same as in pot exp. 2) were manually transplanted in the fields at a rate of 1 plant hill -1 . Four, 8 12 and 24 plants lysimeter -1 were transplanted into the microlysimeter to maintain the same planting density as the surrounding area, i.e. LOW, MED, HIGH, and EXCESS, respectively.
WUE was calculated by the microlysimeter method (Horie and Sakuratani, 1982; Maruyama et al., 1985; Adachi et al., 1995) for 7 to 27 days after transplanting (DAT). WUE was also calculated by sampling rice plant every 5 days.
The canopy coverage rate was estimated on 17, 22 and 27 DAT in the same way as in pot exp. 3. The picture of the circled area was taken parallel to the ground and analyzed with LIA 32. Both the leaf blade and leaf sheath of rice in the fixed area were considered as canopy coverage in the analysis. Table 3 shows the details of the instruments for obtaining meteorological data. During the pot exp. 2 and 3, air temperature (T a ,ºC) and relative humidity (Rh, %) were measured in the greenhouse with a weather station (Vantage Pro), and solar radiation (Sd, W m -2 ) was estimated with a simplified pyranometer (Hashimoto, 2000) . The simplified pyranometers were calibrated (R 2 = 0.904) by a four-component radiometer (CNR-1, Kipp & Zonen, Netherland) and were set up in a nearby field ( < 1 km south west). During the field experiment, T a , Rh and Sd were measured with a weather station (HOBO weather station) at the experimental field. The solar radiation at surface water level was also measured to estimate solar radiation transmittance (%). The solar radiation transmittance was defined as the ratio of solar radiation at the surface water level to that outside the canopy. Solar radiation at surface water level was measured from 6 DAT with eight simplified pyranometers installed around the plant (2 for between rows, 2 for between plants and 4 for diagonal corners). In one of the four replicates for each treatment, sensors were transferred every day among treatments. Values obtained with these simplified pyranometers were calibrated (R 2 = 0.968) with those from the pyranometer of the weather station.
Measurement of meteorological data
Statistical analysis
Analysis of variance (ANOVA) was performed to statistically analyze the data. F-values, probability levels, degrees of freedom and standard errors of means are shown in each table. Fisher's PLSD was operated at the level of p < 0.05 using Statcel (1998) in Excel software (Excel, Microsoft). Pearson's correlation test was used for evaluating the correlation between parameters, and the coefficient of determination was also calculated.
Results
Pot experiments
During pot exps. 2 and 3, the daily mean temperature (T a ) and vapor pressure deficit (VPD) were 22.9 ± 2.4ºC (mean ± S.D.) and 10.5 ± 3.6 hPa, respectively (Fig. 1) . In the daytime, VPD sometimes became more than 30.0 hPa especially towards the end of the experiment. The daily mean solar radiation (Sd) was 299 ± 22 W m -2 and basically Sd reached 1000 W m -2 during the daytime (Fig. 1 ). WUE varied with the genotype (Table 4) . WAB1159-2-12-11-5-1 showed the highest WUE followed by Pokkali, LK1484-5, WITA 2 and Loubi tetera. Although no significant difference was observed among species, the mean WUE was in the decreasing order of Oryza sativa and Oryza glaberrima followed by interspecific progenies including NERICA. A significant genotypic difference was observed in the number of tillers and stomatal conductance. Although the difference was not statistically significant, the stomatal conductance in Oryza glaberrima was 1.04 and 1.10 times larger than that in Oryza sativa and interspecific progenies, respectively, and the number of tillers in interspecific progenies was about 10% less than that in the other two species. WUE was significantly correlated with the number of tillers in Oryza sativa and interspecific progenies, but not in Oryza glaberrima. The number of tillers had less effect on WUE in Oryza glaberrima probably because of its tendency of having larger stomatal conductance compared to the other two species. Among the highly tillering genotypes, WAB1159-2-12-11-5-1 from interspecific progenies showed the highest WUE with the smallest stomatal conductance. In all the genotypes, however, WUE was significantly correlated with the number of tillers, but not with stomatal conductance (Fig. 2a, b) . Therefore, the number of tillers affected WUE more than the stomatal conductance overall. In addition, WUE was strongly correlated with biomass in all species (Fig. 2c) . WUE significantly increased with increasing planting density (Fig. 3a) . The rate of increase, however, declined as the planting density increased. The values showed good regression with the negative quadric curve. Fig. 3b shows the effects of modeled canopy on surface water evaporation. The modeled canopy affects the surface water evaporation mainly by shading of the canopy because the polystyrene foam-canopy does not transpire. The surface water evaporation was negatively correlated with coverage rate, which means that canopy expansion substantially suppressed the surface water evaporation.
Field experiment
During the field experiment, the daily mean temperature (T a ) and vapor pressure deficit (VPD) were 23.7 ± 1.7ºC and 9.6 ± 3.9 hPa, respectively. The daily mean solar radiation (Sd) was 248 ± 69 W m -2 (Fig. 4) . Total rainfall in January 2011 was 196 mm, 58.5 mm of which was delivered from 13 to 17 DAT (Fig. 4) . WUE was significantly improved by the increase in planting density (Fig. 5 ). WUE increased with increasing planting density up to 44 plants m -2 (HIGH) and increased slightly thereafter. Thus, the values showed a good regression with the negative quadric curve. Fig. 6 shows the time course change of WUE. The WUE increased with time at every planting density. WUE at the EXCESS density, however, appeared to reach a maximum at around 22 DAT and slightly decreased thereafter. On the other hand, WUE in other treatments gradually increased towards the end of the experimental period. The solar radiation transmittance decreased as the plants grew, and considerably declined towards the end of the experiment especially at an EXCESS density compared with those at a LOW and MED density (Fig. 4) . The canopy coverage rate in the field was significantly correlated with biomass (Fig. 7a) . In addition, the canopy coverage rate correlated with WUE (Fig. 7b) . The relationship between canopy coverage rate and biomass showed a good regression with a hyperbolic curve because the canopy coverage rate would reach a maximum when the biomass increased further, and the relationship between canopy coverage rate and WUE showed a good regression with an exponential curve. Thus, WUE will become maximal with the saturation of canopy coverage rate. Fig. 7b shows that WUE drastically increased with the increment of canopy coverage rate. The increase of canopy coverage rate may, therefore, efficiently improve WUE in the early growth period.
Discussion
We conducted pot and field experiments in Namibia to evaluate the role of canopy coverage in WUE of rice in the early growth period. In one pot experiment, the genotypic difference in WUE was investigated using 30 genotypes consisting of the cultivated species, Oryza sativa L. and Oryza glaberrima Steud., and interspecific progenies including NERICA, and in another pot experiment, the effects of planting density on WUE was investigated using one genotype. The field experiment was conducted to confirm the effects of planting density on WUE at the field level.
WUE varied significantly with the genotype, but not with the species (Table 4 ). The mean WUE was, however, in the decreasing order of Oryza sativa and Oryza glaberrima followed by interspecific progenies including NERICA. Oryza glaberrima is reported to show a significantly lower ratio of net CO 2 assimilation rate to transpiration rate (P/ T) than Oryza sativa (Agata et al., 1989) , and the transpiration efficiency (biomass increase per unit of transpiration) of Oryza glaberrima is also reported to be lower than that of Oryza sativa (Sumi et al., 1994) . However, the species difference in WUE has not been fully examined. In this study, although WUE was relatively lower in Oryza glaberrima than in Oryza sativa, the difference was not significant. In Oryza glaberrima, WUE may be lowered by its large stomatal conductance, but may also be improved by vigorous leaf development (Sumi et al., 1994) that suppresses surface water evaporation as discussed later. Neither effect on WUE was significant, as seen in the correlation of WUE with stomatal conductance and number of tillers. NERICA is reported to have a higher P/ T as well as transpiration efficiency compared to Oryza sativa under upland conditions (Fujii et al., 2006; Onyango et al., 2007) . In addition, its high transpiration efficiency is accompanied by low stomatal conductance (Fujii et al., 2006) . The WUE of interspecific progenies including NERICA, however, was the lowest under flooded conditions in this study. Although the stomatal conductance may have affected transpiration efficiency as reported by Fujii et al. (2006) , the effects of stomatal conductance on WUE seemed to be smaller than that of the number of tillers as seen in Oryza sativa (Fig. 2) . In all genotypes, WUE was significantly correlated with the number of tillers but not with stomatal conductance (Fig. 2) . Larger genotypes with more tillers (WAB1159-2-12-11-5-1, LK1484-5), achieved a high WUE, and among the two largest Oryza glaberrima (Mala Noir V and Loubi tetera), the genotype Loubi tetera showed a higher WUE with more tillers. Planting density, which substantially changed the canopy structure, also significantly affected WUE in both pot and field experiments (Fig. 3a, 5) .
In this study, the WUE is defined as biomass increase per unit of evapotranspiration. The WUE, thus, consists of transpiration efficiency and evaporation. Increase of transpiration efficiency and decrease of evaporation contribute to improvement of WUE. The transpiration efficiency has been considered as a physiological attribute (Ludlow and Muchow, 1990) determined by net assimilation rate and/or stomatal conductance (Impa et al., 2005) . On the other hand, the evaporation is basically controlled by meteorological factors such as solar radiation (Sd) and Canopy coverage rate (%) vapor pressure deficit (VPD) (Penman, 1948) , which can be affected by plant type and/or canopy structure. Even though plant transpiration could affect the evaporation by altering the VPD inside the canopy, the effects were presumed to be small in this study because the pots were arranged sparsely enough and the experiments were conducted in the early growth period during which the pot was not fully covered by the canopy. Previous studies revealed the effects of stomatal conductance, leaf nitrogen and carbon content, and the ratio of intercellular to ambient CO 2 concentration (C i / C a ) on transpiration efficiency and P/T (Maruyama et al., 1985; Dingkuhn et al., 1989; Adachi et al., 1996) and also reported a negative correlation between P/T and carbon isotope discrimination (CID) (Dingkuhn et al., 1991; Kondo et al., 2004; Impa et al., 2005) . However, CID showed a poor relationship with WUE, especially in the tillering period, and Zhao et al. (2004) pointed out the possibility of breakdown of relationship between WUE and P/T to explain the poor relationship. In this study, stomatal conductance had no correlation with WUE probably because the P/T and transpiration efficiency, which can be affected by stomatal conductance, were a minor component of WUE in the early growth period, and stomatal conductance was high during the early growth period.
The number of tillers and planting density, on the other hand, significantly affected the WUE probably by blocking Sd before it reached the water surface. The decline of solar radiation transmittance by canopy coverage probably suppressed the surface water evaporation as observed with the modeled canopy in the pot exp. 3 (Fig. 3b ) and also as simulated by Oue (2004) . The role of canopy coverage in WUE was substantial because the evaporation was a major component of WUE in rice especially in the early growth period in semi-arid regions.
We simulated the effects of canopy expansion on water use (Fig. 8) . The correlation of canopy coverage rate with biomass and WUE were fitted to hyperbolic (y = −ax/ (x − b); a = 44.6, b = 64.4) and exponential curves (y = ce dx ; c = 0.110, d = 0.065), respectively (Fig. 7) . The canopy expansion can be shown by coefficients of hyperbolic curve. The high expansion ability can be reflected to lower value of curvature ( = a). We assumed that the maximum coverage rate ( = b) was constant in the simulation. Fig. 8 shows the assumed correlation of canopy coverage rate with biomass and water use predicted from these assumed relationships. The results show that the effects of canopy expansion become marked from the early growth stage and water use can be drastically reduced by adopting high canopy expanding genotype. Thus, highly tillering genotypes may be recommendable to achieve a high WUE.
In both pot and field experiments, the relationship between WUE and planting density showed regression to the quadratic curve (Fig. 3a, 5) , which suggests the existence of optimum planting density for WUE in the early growth period. Although the relationship also showed regression to a hyperbolic curve, we fitted it to a quadric curve because excess planting density would finally cause decline of WUE for the following reasons; increase in transpiration by excess plant biomass (Oue, 2004; Impa et al., 2005) , decrease in transpiration efficiency by worsening the radiative condition in canopy (Oue, 2004) , decrease in evaporation-suppressing effects of plant biomass owing to the saturation of canopy coverage rate (Fig. 7a) and possible dehydration stress to rice plants. In fact, the time course change of WUE at the EXCESS density reached the highest on 22 DAT and slightly decreased thereafter (Fig.  6) . WUE of EXCESS density must be saturated earlier because the canopy coverage rate is close to the maximum at this density as shown by the hyperbolic relationship between canopy coverage rate and biomass (Fig. 7a) .
Although the optimum planting density to achieve a high yield has been studied previously (e.g. Hagiwara et al., 1994; Namba, 2003) , there are few studies on the optimum planting density for WUE of rice. Hayashi et al. (2006) conducted a field experiment in Japan and reported that the effects of planting density on WUE of rice varied with the year and were sometimes not significant. Our results, on the other hand, showed a significant difference in WUE among planting densities and an increasing trend of WUE with increasing planting density was observed in both pot and field experiments (Fig. 3a, 5 ). The effects of planting density were always significant in Namibia probably because especially in semi-arid regions, the interruption of solar energy by canopy coverage was significant in the early growth period and contributed to the improvement of WUE.
In addition, canopy coverage seems more effective for improving WUE in the paddy field than in the upland field. Although the improvement of WUE by canopy coverage was reported for upland crops such as wheat and barley, the improvement of WUE was only 1.35 to 2.21 times of the control (Shepherd et al., 1987; Anderson, 1992) . In this field experiment, on the other hand, WUE at the EXCESS density was 4.1 times higher than that at the LOW density (Fig. 5) . This significant increase of WUE by planting density suggests that the increase of canopy coverage is an effective method to improve WUE especially in the paddy field in semi-arid regions.
The optimum planting density for WUE in the early growth period was estimated as 71.7 plants m -2 from the field experiment in this study (Fig. 5) . This is comparable with the density proposed in another semi-arid country, Egypt for better yield (33.3 hills m -2 with 4 plants hill -1 , Namba, 2003) . In addition, under high radiative environments, a high photosynthetic rate can be maintained even in low layers of the canopy when the leaf area index is high (Oue, 2004) . Accordingly, the optimum density proposed in this study might be adoptable to save water use for a longer period than examined in this study. However, since we measured WUE only during the vegetative stage using one genotype, identification of the optimum planting density for each genotype and for the whole growth period remains to be studied.
We conclude that rather than physiological characteristics, the physical conditions affected by the number of tillers and planting density have a strong impact on WUE of rice in semi-arid regions in the early growth period. In the semi-arid regions, evaporation highly depends on solar radiation, and increase of canopy coverage suppresses surface water evaporation and consequently contributes to the improvement of WUE. Since the increase of canopy coverage can affect WUE in semi-arid regions, a high planting density is recommended to improve WUE from the beginning of crop growth.
